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Chitosan solutions and cellulose nanocrystal suspensions were used to produce highly stable aqueous
dispersions of multi-walled carbon nanotubes (MWCNTs). The different MWCNT dispersions, presenting
positive and negative charges, were used to prepare multilayered hybrid thin ﬁlms through electrostatic
layer-by-layer (LBL) self-assembly. The MWCNTs are well dispersed and homogeneously distributed on
each layer of chitosan and cellulose nanocrystals of the ﬁlms. The nanotubes are densely packed in each
multilayer, forming a random network. The surface of the LBL ﬁlm exhibited a uniform and relatively
smooth surface with a mean roughness value of 5.8 ± 0.4 nm. Electrochemical characterization revealed
a decrease in two orders of magnitude in the ﬁlm resistance as the number of bilayers increased from 5 to
20, which is a consequence of an increase in the amount of conductive material (MWCNT). The thin ﬁlms
with up to 20 bilayers exhibited transmittance higher than 90% in the visible range. The results presented
in this work demonstrate the viability of the LBL technique for the deposition of active materials using the
biopolymer pair chitosan/cellulose nanocrystals. The obtained ﬁlms can be employed for the design of
transparent and biocompatible carbon nanostructured based electrodes.
 2014 Elsevier Inc. All rights reserved.1. Introduction
The layer-by-layer (LBL) assembly technique is a versatile
method that is used to build thin ﬁlms with controllable architec-
ture and functionality [1]. The construction of multilayers by LBL is
driven by electrostatic attraction between the oppositely charged
constituents [2,3]. However, other complementary interactions
such as hydrogen bonding, van der Waals forces and hydrophobic
interactions may be exploited to build multilayered ﬁlms [2,4–6].
The LBL approach can be used for deposition of various com-
pounds and serves as a platform for design of new materials with
particular properties and functions. A great variety of compounds
can be used for preparation of functional multilayers, and there
is still considerable room for technical innovation in this area.
Important review articles that developed critical discussions on
the subject are available in the literature [6–8].
The LBL ﬁlms can be considered as functional bottom-up nano-
fabricated materials, which have a wide range of applications in
electronic devices [9], biomedicine [10], electrochemistry [11],
catalysis [12], and electrochemical sensing and biosensing [13].The most prominent advantage of this method is that it can be
applied to different types of materials. In the polymer area, LBL is
also an appropriate approach for generating novel nanocomposite
structures with compositions or morphologies that would be
difﬁcult to achieve through direct mixing or blending different
polymers [2]. Examples of polymeric multilayered ﬁlms include
the deposition of polymers with nanosized components such as
colloidal nanoparticles [14,15], nanosheets [16], nanoclays [17]
or carbon nanotubes (CNTs) [18,19].
Because of their unique electronic, thermal and mechanical
properties, CNTs are attractive materials that can be applied in dif-
ferent ﬁelds such as nanoelectronics [20], catalysis [21], material
science [22] and for the design of functional thin ﬁlms [23].
However, the major challenge in preparing materials that take
advantage of these properties of CNTs is obtaining stable
dispersions of these nanoparticles because they tend to aggregate
due to the van der Waals interactions. Several approaches have
been proposed to solve this problem based on the covalent or
non-covalent modiﬁcation of the nanotubes’ surface, depending
on the required properties (e.g., mechanical, electrical) of the
resulting material.
Among the non-covalent strategies used to disperse carbon
nanotubes, biopolymers such as chitosan (CHI) have been reported
to effectively disperse CNTs [24–26]. CNTs, both untreated and
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yielding stable dispersions [27–29].
In addition to chitosan, a pioneering study developed by Olivier
et al. [30] showed that cellulose nanocrystals (CNCs) are also
suitable to disperse CNTs. CNCs are highly crystalline rod-like
nanomaterials that can be isolated from cellulose ﬁbers through
controlled acid hydrolysis using hydrochloric or sulfuric acid
[31]. The use of sulfuric acid leads to more stable colloidal suspen-
sions than does the use of hydrochloric acid due to the sulfate neg-
ative charges introduced onto the crystal surface during hydrolysis,
which stabilize the aqueous CNC suspensions by electrostatic
repulsion [32]. Moreover, the presence of negative sulfated
charged groups makes the CNC suitable for interaction with other
polycations.
In the study conducted by Olivier et al. [30] they described the
preparation of highly stable single-walled carbon nanotube
(SWCNT) dispersions in CNC and the subsequent use of the CNC/
SWCNT aqueous suspension for the development of multilayered
thin ﬁlms using the LBL method with polyallylamine hydrochloride
as a polyelectrolyte. The authors demonstrated that the CNCs
aligned along the SWCNT axis mainly through short-range
hydrophobic interactions between the nanotubes and a speciﬁc
crystalline face of the nanocrystals.
Despite an increasing number of publications related to disper-
sion of carbon nanotubes in chitosan and different polymers, there
is no research in the literature concerning the preparation of thin
ﬁlms by LBL, employing simultaneously two important renewable
natural polymers: chitosan and cellulose, in the form of rod-like
nanoparticles.
In the present work, we used the LBL technique to prepare
multi-component hybrid thin ﬁlms by successive adsorptions of
multi-walled carbon nanotubes (MWCNT) that were highly dis-
persed in chitosan and cellulose nanocrystal suspensions. Hydro-
gen bonds and electrostatic interactions between the negatively
charged sulfate ester groups on the nanocrystal surfaces and NH3+
groups of chitosan were the driving forces for the build up of the
multilayered carbon nanotube thin ﬁlms.
Several issues related to the growth, homogeneity and thickness
of the ﬁlms as well as the quality of CNT dispersions have been
characterized in this contribution. This work provides also a poten-
tial strategy for the use of CNTs in aqueous media particularly for
the design of transparent thin ﬁlm, paving the way for the produc-
tion of biocompatible transparent electrodes.2. Experimental section
2.1. Materials
Chitosan (degree of deacetylation = 85%, and total impurities
65%) was purchased from Polymar, Brazil. Sulfuric acid (98%),
sodium hydroxide (97%), hydrogen peroxide (30%) and sodium
chlorite (80%) were purchased from Sigma–Aldrich, Brazil. Acetic
acid (99%) and concentrated solution of hydrochloric acid (37%)
were purchased from Synth, Brazil. The ionic liquid 1-ethyl-3-
methylimidazol-3-ium bis(triﬂuoromethylsulfonyl)azanide) (99%
purity), [EMI][TFSI], was purchased from Iolitec, Germany.
MWCNTs (Ctube 100, 93% purity), were purchased from CNT Co.,
Ltd., Korea. All materials were used as received.2.2. Cellulose nanocrystal preparation
Sulfuric acid hydrolysis of eucalyptus wood pulp was performed
according to a procedure described elsewhere, with minor modiﬁ-
cations [33]. Brieﬂy, the reaction was performed adding 10 g of
bleached wood pulp to 160 mL of 64 wt% sulfuric acid under strongmechanical stirring at 50 C. After 30 min of hydrolysis, the disper-
sion was diluted twofold in deionized water (resistivity > 18 MX),
and the suspension was washed using three repeated centrifuge
cycles. The last washing was conducted using dialysis against
deionized water until the dispersion reached a pH of 6. A stable
suspension of CNCs was obtained after sonication for approxi-
mately 5 min.
2.3. Preparation of CNC/MWCNT and CHI/MWCNT dispersions
For the CNC/MWCNT dispersion, 25 mg of MWCNTs was
pre-dispersed in 100 mL of a suspension containing CNCs (1% w/
v) using a low-power ultrasonic bath for 30 min.
For the CHI/MWCNT dispersion, 25 mg of MWCNTs was dis-
persed in 100 mL of 0.1% w/v chitosan solution (5% acetic acid)
using tip ultrasound equipment for 5 min. Afterward, both disper-
sions were centrifuged at 8500 rpm for 30 min, and the superna-
tant was collected and used for the preparation of the thin ﬁlms.
2.4. Layer-by-layer assembly of thin ﬁlms
The thin ﬁlms were prepared on silicon wafers, glass or quartz
slides. The slides were cleaned using piranha solution (H2SO4:H2O2,
3:1 volume ratio) for aminimumof 1 h followedby intensive rinsing
with Milli-Q water. The slides were sequentially immersed in the
CHI/MWCNTorCNC/MWCNTdispersionsusing the followingproce-
dure: (1) dipping of the substrate for 10 min in a CHI/MWCNT dis-
persion, (2) rinsing with Milli-Q water for 2 min in three different
beakers to remove the excess of material, (3) dipping for 10 min in
a CNC/MWCNT dispersion and (4) rinsing again with Milli-Q water
following the same procedure described in (2). The entire cycle
was then repeated until the desired number of bilayers was depos-
ited. A schematic representation of the LBL process is shown in
Fig. S1 (supporting information).
2.5. Fabrication of CHI/MWCNT–CNC/MWCNT thin ﬁlm
electrochemical cell
The cell was prepared according to a procedure described by
Yoo et al. with minor modiﬁcations [34]. The device was prepared
with the following dimensions: 30  17 mm. The total area of the
CHI/MWCNT–CNC/MWCNT ﬁlms was reduced using a scalpel,
which allows for the removal of the materials from the pre-fabri-
cated large area. Gold was then sputtered on the edges of the ﬁlms
to collect current. A protection mask was used to cover the active
area of the ﬁlms to prevent gold from covering the active area of
the device. Then, a scratch was made in the central portion of
the ﬁlm using a scalpel to create a gap. This scratch allowed for
the formation of the two electrodes consisting of the thin ﬁlm
CHI/MWCNT–CNC/MWCNT.
An electrochemical cell was produced using an ionic liquid elec-
trolyte [EMI][TFSI]. The IL was spread on the gap made on the
active layer, taking care to ensure that the IL did not reach the cur-
rent collectors. Then, the active area of the ﬁlm was covered with a
small glass slide, and the cell was sealed with PTFE tape. Fig. S2
(supporting information) shows the sequential steps used to
produce the cell.
2.6. Instrumental analysis
The 1H NMR spectrum was used to determine the degree of
acetylation of CHI [35] and was acquired at 25 C by using a
200 MHz spectrometer Bruker-Avance DPX, from a chitosan
solution in D2O/HCl (100/1 v/v) at 15 g L1.
UV–vis spectroscopy was performed using a Perkin–Elmer
Lambda 25 which has instrumental uncertainty of 0.05 nm. The
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quartz slides, and the spectrum was obtained after the deposition
of the bilayers.
Scanning electron microscopy (SEM) images of the surface of
the ﬁlms were obtained using a Quanta 200 FEG-FEI with an accel-
erating potential of 5.0–15.0 kV. All samples were coated with a
2 nm layer of gold using a BAL-TEC MC5 010 automated sputter
coater.
Transmission electron microscopy (TEM) analyses were
conducted on a FEI TECNAI G2 electron microscope with a
thermo-ionic gun at 200 kV. The samples for TEM measurements
were prepared by dispersing the MWCNT in ethanol alcohol using
a low-power ultrasonic bath by 5 min followed by casting on
cooper grids.
Atomic force microscopy (AFM) was performed using an Asy-
lum Research MFP-3D-AS operated in tapping mode. To measure
the thickness, the multilayered ﬁlms were scratched using a scal-
pel, and the heights of the grooves were determined using AFM.
Electrochemical measurements were taken using an Autolab
PGSTAT30 potentiostat/galvanostat (Eco Chemie) in a two-
electrode cell. Electrochemical impedance spectroscopy was
performed at open-circuit potential from 1 MHz to 0.1 Hz with
an amplitude of 10 mV.
3. Results and discussion
3.1. Characterization of CHI/MWCNT and CNC/MWCNT dispersions
The mean values of the length and diameter of the CNCs
obtained from TEM analysis (images not shown here) were
determined to be 145.0 ± 25.0 nm and 6.0 ± 1.5 nm, respectively.
The average diameter and length of the MWCNT were
determined to be 29.6 ± 8.6 nm and 6.8 ± 2.5 lm, respectively.
These data are consistent with the values provided by the supplier.
The deacetylation degree and viscosimetric molar mass of
chitosan were measured to be 85% and 3.3  104 g mol1,
respectively.
Fig. 1a presents photographs of the MWCNT aqueous dispersion
in chitosan and cellulose nanocrystals.
Highly stable dispersions of MWCNT were obtained by ultra-
sonication of the MWCNTs in a chitosan acid aqueous solution or
cellulose nanocrystal aqueous colloidal suspension. The nominal
concentration of MWCNT dispersions in chitosan and CNCs was
0.25 g L1. The two dispersions remained stable for several months
without any visible precipitation, indicating that both CHI and CNC
can effectively disperse the MWCNTs. The great efﬁciency of
chitosan in dispersing CNTs in acid aqueous medium has already
been described in the literature [27,28]. CHI can wrap or adsorb
onto the carbon nanotube surface due to the interaction between
the acetyl groups of the N-acetylglucosamine residue and the aro-
matic rings of CNTs through van der Waals forces. The positively
charged NH3+ groups present in the remaining glucosamine
fragments led to a strong repulsion between the decorated CHI
nanotubes, which become completely separated, resulting in a
high dispersion in acid aqueous media [36,37]. Thus, chitosan
can effectively act as a cationic surfactant to stabilize CNTs and
form a stable aqueous dispersion [27,28,37].
Similar to chitosan, CNC can also produce highly stable CNT
aqueous suspensions. The interaction between carbon nanotubes
and nanocrystals was recently described by Olivier et al. [30],
who studied the formation of SWCNT dispersions in CNC suspen-
sions. As suggested by these authors, the interaction between CNCs
and SWNTs occurs through the CNC speciﬁc crystalline (200) and
(200) phases (which are hydrophobic phases due the exposition of
CHI moieties) and the CNT hydrophobic carbon structure by
expelling water molecules and stabilizing the SWNT suspension.Thus, several cellulose nanocrystals can align along the carbon
nanotube axis. In addition, long-range electrostatic repulsion
forces between the CNCs (due to the presence of negative sulfate
ester groups on the surface of the nanocrystals) also contribute
to the stabilization of SWNT/CNC dispersions. The same mecha-
nism of interaction and suspension stabilization can be extended
to the case of the MWCNTs used in this work.
Fig. 1b shows the ﬂow birefringence of a CNC/MWCNT disper-
sion observed between two crossed polarizers. The birefringence
results from the induced alignment of the rod-like particles under
ﬂow [38]. Flow birefringence in a CNC suspension indicates the
presence of isolated cellulose nanoparticles in the dispersion. The
observation of ﬂow birefringence even in the presence of MWCNTs
indicates that isolated CNCs and those interacting with carbon
nanotubes contribute to the maintenance of a stable dispersion
once no carbon nanotube aggregation or precipitation was
observed. The birefringence was veriﬁed even after several months
of the preparation of the dispersions, indicating their high stability.
It has been frequently noted in the literature that obtaining a
high degree of dispersion of CNTs in aqueous or organic solvents
is quite difﬁcult to achieve due to the strong interactions estab-
lished between the nanotubes [39–41]. Many efforts have demon-
strated that the utilization of mechanical mixing and sonication
techniques yield composite suspensions that are kinetically stable
but tend to phase separate over a period of days or weeks, indicat-
ing thermodynamic instability. The dispersions obtained in this
work are as good as or even better than those observed in other
systems containing carbon nanotubes based on surfactants [42],
synthetic polymers [43], nucleic acids [44] and polypeptides [45],
which conﬁrms the great ability of CHI and CNCs to disperse
carbon nanotubes. Table 1 (supporting information) shows a
comparison of dispersions stability mentioned above, based on
the time in which is not observed visible precipitation.
To verify the dispersion of MWCNTs in the solid state (after
solvent evaporation in both suspensions), SEM investigations were
performed. Fig. 1(c and d) presents SEM images obtained from CHI/
MWCNT and CNC/MWCNT dispersions after dropping and drying
the dispersions on a silicon substrate. In the SEM images obtained
from both systems, there is no evidence of carbon nanotube
agglomeration, clearly demonstrating that the MWCNTs are well
dispersed into individual tubes.
3.2. Characterization of LBL ﬁlms
First, the growth of the CHI/MWCNT–CNC/MWCNT LBL assem-
bly was monitored using absorbance values measured at 194 nm,
which is typical for the chitosan polymer [32]. CHI is composed
of two far UV chromophoric groups, N-acetylglucosamine and
glucosamine. The two monomer units contribute in a simple and
additive way to the total absorbance of the material in a particular
wavelength range (190–220 nm). However, the absorptivity of the
acetyl-glucosamine monomer is greater. Fig. 2a illustrates the rela-
tionship between the absorption intensities at 194 nm and the
number of bilayers, where an almost linear increase in the intensi-
ties with the multilayer growth can be observed. Considering that
the interaction between CHI and the MWCNT is the same in each
layer, we can conclude that the amount of carbon nanotubes is
similar for each adsorbed layer.
Fig. 2b presents the transmittance spectra obtained for the ﬁlms
after 5, 10, 18 and 20 deposited bilayers. These measurements
were taken after the chitosan layer (CHI/MWCNT layer) was
adsorbed. The transparency of the LBL ﬁlms was evaluated in the
400–750 nm range as a function of the number of deposited bilay-
ers. As observed in Fig. 2b, the transmittance of the ﬁlm decreases
with the number of deposited layers but is near or exceeds 90% at
550 nm in all cases, thus conﬁrming the transparent nature of the
Fig. 1. Photographs of MWCNT aqueous suspension in chitosan and cellulose nanocrystals (a). CNC/MWCNT dispersion observed between crossed polarizers (b). SEM images
of the MWCNT ﬁlms prepared from aqueous dispersions with chitosan (c) and with cellulose nanocrystals (d).
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literature, even when compared with thinner ﬁlms [46–48]. Photo-
graphs of the deposited ﬁlms on quartz substrates showing their
high transparency are presented in Fig. 2c.
In addition to transparency, one of the most important param-
eters that must be controlled is the thickness of the deposited lay-
ers [49]. Thus, the build-up of the LBL ﬁlm was also monitored by
analyzing the thickness increments and the total ﬁlm thicknesses,
which were extracted from the AFM scratch-height analysis
(Fig. 3). Layers were deposited on silicon wafers following the same
protocol as that used for the quartz slides, and the thicknesses of
the multilayered ﬁlms were measured after each layer of CHI/
MWCNT. For each ﬁlm, the thicknesses at three different positions
were measured and averaged to obtain the reported values. Fig. S3
(a and b) (supporting information) presents AFM images of the 15
bilayers ﬁlm and the corresponding height proﬁle used for the
thickness measurement.
The AFM scratch-height analysis (Figs. 3 and S3) clearly reveals
a constant increase in the LBL ﬁlm thickness with the number of
bilayers. In addition, using the thickness increments for each indi-
vidual layer, a linear build-up of the multilayered ﬁlms is observed.
From these results, we can estimate the thickness of each CHI/
MWCNT–CNC/MWCNT bilayer as being 10 nm.
Fig. 4(a and b) shows the surface morphology of a 10-bilayer
ﬁlm grown on a silicon substrate with a CHI/MWCNT layer on
top of the ﬁlm. The images reveal that the MWCNTs are dispersed,
without the formation of aggregates, together with uniform anddense cellulose nanocrystal packing covering the entire surface of
the ﬁlm. A high-density and highly uniform distribution of CNCs
in the multilayered ﬁlms have been described previously in other
LBL ﬁlms formed by classical polyelectrolytes, such as PAH and
PDDA [31,50,51] and with chitosan [32,52]. This dense and homo-
geneous packing of the nanocrystals observed in each CNC/
MWCNT layer can play an important role in this type of multilay-
ered ﬁlm by enhancing the connectivity between the nanocrystals
and the next CHI/MWCNT layer through electrostatic interactions.
The surface of the assembly, with the CHI/MWCNT layer on top
of the ﬁlm, was also characterized using AFM (Fig. S4, supporting
information).
Measurements of the root-mean-squared (RMS) roughness
were obtained from the sample grown on the silicon substrate with
20 bilayers, and the RMS roughness was evaluated from the
1  1 lm2 images using speciﬁc software for Asylum Research
MFP-3D-AS.
The surface of the LBL ﬁlm revealed a uniform and relatively
smooth surface because the obtained RMS value was 5.8 ± 0.4 nm.
3.3. Electrochemical characterization of the materials
As demonstrated by the results, the LBL technique is a valuable
approach for preparing homogeneous composite materials that can
be used for the design of thin functional ﬁlms. The surface mor-
phologies shown in Figs. 4(a and b) and S5 (supporting information
for various numbers of bilayers) reveal a network of MWCNT along
Fig. 2. Absorbance at 194 nm as a function of the number of bilayers measured after the adsorption of the CHI/MWCNT layers (a). Transmittance spectra of LBL ﬁlms as a
function of the number of bilayers on a quartz substrate (b). Photographs of the LBL-CHI/MWCNT–CNC/MWCNT ﬁlms on a quartz substrate with 0, 5, 10, and 20 bilayers
(from left to right) (c).
Fig. 3. Thickness evolution of multilayered CHI/MWCNT–CNC/MWCNT ﬁlms on
silicon wafer substrates.
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gate the evaluation of the electrochemical properties of thesemate-
rials. Indeed, considering the high conductivity of CNT [53], the
transparent LBL thin ﬁlms can be used to prepare electrodes for
the use in devices in which biocompatibility is an important issue.
Electrochemical impedance spectroscopy is a useful technique
to study the electrochemical properties of carbon-based materials
[54]. To evaluate the effect of the conductive material (theMWCNT) as a function of the number of deposited layers and
obtain the resistance values, EIS was employed. The CHI/
MWCNT–CNC/MWCNT LBL ﬁlms were used as an electrode in an
electrochemical cell (two-electrode system conﬁguration)
prepared using the [EMI][TFSI] ionic liquid as the electrolyte in
an ‘‘in plane’’ conﬁguration [34].
The cell was prepared according to a procedure described by
Yoo et al. [34] with minor modiﬁcations. The goal of these authors
was to study the capacitor behavior, which is not the aim of the
present work. The in plane design was used here because it was
particularly easy to fabricate in our experimental conditions for
the use in measuring the electronic conductivity of the thin ﬁlms.
The ionic liquid was used due to its superior properties of high
ionic conductivity (8.8  103 S cm1), water immiscibility, large
electrochemical window (4.3 V), high decomposition temperature
and low viscosity which allows for the electrochemical measure-
ments to be performed for a longer period and with high thermal
and electrochemical stability [55,56].
Nyquist plots of the cells prepared with ﬁlms with various num-
bers of bilayers are presented in Fig. 5(a and b).
The analysis of an impedance diagram is usually performed by
assigning electrical components to the behavior at different ranges
of frequency. For instance, at high frequencies, a semicircle in the
Nyquist plot can be attributed to a resistance in parallel with a
capacitance circuit (RC) [57]. The impedance diagrams for the var-
ious numbers of layers in Fig. 5 reveal a complex behavior with the
presence of two overlapped semicircles for 5 bilayers and two sep-
arated semicircles for 10 and 15 bilayers; the semicircle at lower
Fig. 4. Top-down view of a 10-bilayer CHI/MWCNT–CNC/MWCNT ﬁlm on a silicon substrate at different magniﬁcations.
Fig. 5. Nyquist diagrams obtained for the cells with 15 and 20 bilayers (a) and 5 and 10 bilayers (b).
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prepared with an ionic liquid electrolyte, and the behavior at lower
frequencies can be attributed to its interface with the carbon nano-
tubes and the migration of ions in its bulk. The intercept of Z on the
real axis (Z0) at higher frequencies corresponds to the uncompen-
sated electrical resistance of the carbon nanotube ﬁlm and the
electrical contact with the current collector [58,59]. According to
the results presented in Fig. 5, the ﬁlm resistance decreases with
an increase in the number of bilayers even considering that the
thickness is increasing. Because the electrolyte and the electrical
contacts are the same, this ﬁnding is consistent with an increase
in the amount of carbon nanotubes (the conductive material) with
the bilayers due to the effectiveness of the LBL deposition
procedure, which is attained through the proper interaction
between the CNTs and the dispersant agent (chitosan and cellulose
nanocrystals). The decrease in the resistance is related to the
increase content of carbon nanotube available to form a conduc-
tion path through the thickness of the ﬁlm. The sequence of the
measured ﬁlm resistances is 1.1  107, 1.3  106, 1.1  106 and
3.2  105X for 5, 10, 15 and 20 adsorbed bilayers, respectively.
The resistances obtained for the ﬁlms are in the range observed
for transparent electrodes reported in other works. For example,
Kim et al. prepared ultrathin transparent ﬁlms composed of double
layers of reduced graphene oxide (RG-O) and multi-walled carbon
nanotubes via the LBL process [60]. The average sheet resistances
of RG-O thin ﬁlms treated with various hydrazine concentrations
ranged from 30  106 to 11.5  106X/sq without the presence of
MWCNT. Carbon nanotubes promoted a decrease in the resistance
values due to the formation of a conductive hybrid system (RG-O/
MWCNT) [60]. In another study, Na et al. demonstrated thatelectrodes based on carbon nanosheets and polyacrylonitrile poly-
mer with 99% transmittance might exhibit sheet resistance as high
as 300 MX/sq [61]. According to Boulanger and Barbero, high con-
centrations of nanotubes are required to obtain highly conductive
systems. However, the transmittance of the electrodes can be
strongly affected in addition to the increased costs and the difﬁ-
culty of obtaining good nanotube dispersions in solution [62].
The approach used here demonstrates the viability of the LBL
technique for the deposition of an active material, allowing the
construction of thin devices applying the ‘‘in plane’’ geometry. In
addition, the use of biopolymers as non-covalent agents to disperse
carbon nanotubes is advantageous in this case (compared with
covalent functionalization) because it does not change the
electronic properties of the nanotubes and allows the use of this
conﬁguration in biocompatible devices.
4. Conclusions
CHI solutions and CNC suspensions could effectively disperse
MWCNTs producing different carbon nanotubes suspensions, pre-
senting positive and negative surface charges. These suspensions
were used to prepare multilayered hybrid thin ﬁlms through elec-
trostatic layer-by-layer (LBL) assembly.
The characterization of the multilayered composite ﬁlms
showed that the amount of deposited material is similar for each
adsorbed layer with an average thickness of 10.0 nm for each
bilayer of the thin ﬁlms. The transmittance of the ﬁlm decreases
with the number of deposited layers but is near or exceeds 90%
at 550 nm in all cases, showing the transparent nature of the
multilayered ﬁlms.
220 J.P.C. Trigueiro et al. / Journal of Colloid and Interface Science 432 (2014) 214–220The surface morphology of the LBL ﬁlms revealed a high density
and uniform distribution of CNCs and a relatively good dispersion
of the MWCNT without the formation of large aggregates in each
layer. The ﬁlm surface was characterized as a relatively smooth
surface with roughness values less than 5.8 ± 0.4 nm.
Electrochemical impedance spectroscopy showed the ﬁlm resis-
tance decreased with an increase in the number of bilayers due to
the amount of conductive material (carbon nanotubes) adsorbed
with the additional layers, indicating the establishment of a carbon
nanotube network (conduction path).
The approach used here, which makes use of a very low carbon
nanotube content, to produce a thin, highly transparent, and con-
ductive material, may be applied for the design of transparent elec-
trodes in biocompatible devices.
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